Plant Toxins and Human Disease
Dr P N Magee (MRC Toxicology Research Unit, Carshalton) Naturally Occurring Alkylating Agents Most people are familiar with the term alkylating agent which, in medicine, calls to mind wellknown compounds such as mustard gas and the nitrogen mustards that were first developed as chemical warfare agents and then for cancer chemotherapy. It may be worth while, however, to discuss briefly what alkylation means in chemical terms. Alkylation is the replacement of a hydrogen atom in a compound by an alkyl radical or the addition of alkyl groups to give compounds of higher valency state, for example, to a tertiary amine to give a quaternary ammonium compound or to a carboxyl ion to give an alkyl ester. The fundamental reaction is thus either the replacement of a hydrogen atom or an addition reaction. The alkylating agent can be regarded as an electrophilic reactant which will combine with electron-rich centres (Ross 1962) .
Three groups of alkylating agents, some of which occur in plants, are the following: Lactones: E.g. 3-Propiolactone, penicillin G, parasorbic acid; some of these are known to occur in plants. Methylazoxymethanol glycosides (MAM glycosides): e.g. Cycasin, macrozamin; these occur in plants of the genus Cycas.
Nitrosamines: E.g. Dimethylnitrosamine, Nnitrosomethylurea; these are not known to occur in plants but might be formed in them.
Not all these compounds occur naturally in plants and not all are known to be capable of alkylation. Nevertheless, there are certain connecting links between them which help considerably in trying to understand their mechanism of action. Most of these compounds are capable of producing severe tissue injury when administered in larger quantities and they are all carcinogenic under appropriate conditions.
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The simple lactone, P-propiolactone, was first shown to be carcinogenic by Walpole et al. (1954) who obtained local sarcomas at the site of repeated subcutaneous injections. This observation was confirmed by Dickens & Jones (1961) and greatly extended to include a range of other lactones, some of which occur naturally in plants and others which are antibiotics (Dickens & Jones 1963a ).
Dickens & Jones believe that two main types of chemical constitution may be associated with carcinogenic activity in their series. These are a highly strained 4-membered ring as in Ppropiolactone and the lactam ring of penicillin or a lactone ring having double bonds at the 2 or 4 position. There is also some correlation between chemical reactivity as indicated by reaction with the sulphydryl group of cysteine and carcinogenic activity. Dickens & Jones (1961) showed that the reaction product of cysteine with P-propiolactone is S-2-carboxyethyl-1-cysteine. Later, Roberts & Warwick (1963) showed that the lactone reacts with guanosine and with nucleic acids to give the 2-carboxyethyl derivative of guanine; in this case the reaction occurs predominantly on the 7position of the guanine ring. P-propiolactone is not only carcinogenic on subcutaneous injection but also after application to mouse skin where it can play the role of an initiator, as shown by Roe & Glendenning (1956) . Recently Colburn & Boutwell (1965) have shown that alkylation, that is 2-carboxyethylation, of DNA, occurs in the skin of mice treated with ,-propiolactone and that there is correlation between the extent of the alkylation reaction and the tumour yield. This alkylation reaction on the 7-position of the guanines of the nucleic acids is emphasized because it provides a connecting link between the different classes of alkylating agent under discussion.
As well as the naturally occurring lactones, such as parasorbic acid, which occurs in the berries of mountain ash, and penicillin, there is a possibility that some lactones may occur in tobacco smoke. This has been discussed by Dickens (1964) who suggests that, on chemical grounds, the pyrolytic production of carcinogenic lactones in cigarette smoke is a reasonable working hypothesis.
Before leaving the lactones it is worth emphasizing that aflatoxin also has a lactone structure and that Dickens & Jones (1963b) have shown that it does induce local sarcomas on repeated subcutaneous injection.
Cycasin and the other methylazoxymethanol glycosides (MAM glycosides) are naturally occurring alkylating agents which are found in cycad plants. The cycads are plants belonging to the family Cycadacewe which predominated over other vegetation during the greater part of the mesozoic period. The cycad is thought to represent an intermediate evolutionary step between ferns and flowering plants. The plants are mostly confined to the tropics but may extend locally to the subtropics and even to the temperate zone in Australia, South Africa and Japan. In appearance, cycads are palm-like with a cylindrical trunk, a swollen underground tuber-like stem and a crown of very large, coarse, stiff, feathery leaves. They are sometimes cultivated in greenhouses in cooler areas where they are often called 'sago-palms'. They are not, however, related to true sago but are so-called because they have abundant pith in the centre of the trunks which contains starch. This starch has been used for food and it also contains the toxic factors which have come into renewed prominence during the past few years. The genus Cycas has received the most attention recently, especially the very widespread species Cycas circinalis.
The present wave of interest in the toxic properties of cycads started on the island of Guam, in the Pacific, a few years ago. It had been known for some time that there is an unusually high incidence of neurological diseases on the island and the main condition is now recognized as a clinical entity closely resembling amyotrophic lateral sclerosis. In 1953 Mulder & Kurland (quoted by Whiting 1963) began a series of studies on the island and initiated a dietary survey which was carried out by Marjorie Whiting who suggested a possible relationship between the neurological conditions and the ingestion of Cycas circinalis.
The consumption of foods and medicine prepared from cycads has been recorded for many years. All parts of the plant are used as food, cooked or uncooked. The main food product is the fine-quality starch that can be extracted from the fibrous pulp by the processes of cutting, soaking and drying. Before use, the hard dry pieces are ground to a fine powder. It is well known that the water used to soak and wash the cycads is poisonous and that dogs and chickens die if they drink it. As medicines, cycad products have been used in the form of beverages and teas, as purgatives and as pain depressants. Because of the astringent mucilaginous properties of the plant sap and the hardening of the exudate on exposure to air, this material has also been used for external application.
In areas where cycads grow in the pastures, paralysis occurs in cattle which is attributed to ingestion of the plants. This has caused serious cattle losses and has been a matter of much concern, particularly in Australia. Reports of toxicity in animals describe two different conditions. One is an acute illness characterized by severe gastroenteritis, and the other is a chronic condition showing a peculiar paralysis of the hindquarters which appears to be progressive and irreversible. The acute illness usually follows shortly after consumption of the cycad plant material; the chronic condition appears within a few weeks or a month. The paralysis has been repeatedly produced in field experiments with cattle but so far no definite evidence has been reported from post-mortem examination which could account for it (Anderson & Hall 1964) . Animals with the acute gastroenteritis always show severe liver damage at post-mortem.
Considerable research has been reported since the beginning of the century on the chemical composition of cycads. The first isolation of a substance toxic to small animals was reported by Van Dongen in 1903, working with Cycas circinalis. He showed that the material was a glycoside, but it was not until 1950 that Riggs and his colleagues proposed that the aglycone of the glycoside macrozamin was methylazoxymethanol.
The sugar in this case was primeverose. During this period, Nishida and his colleagues isolated another glycoside, cycasin, from the Japanese species, Cycas revoluta. Subsequently macrozamin and cycasin were shown to have the same aglycone but different sugar components. (For references see Whiting 1963 .) The sugar of cycasin is glucose and its chemical structure is shown in Laqueur et al. (1963) carried out feeding tests on rats with varying levels of cycad flour in the diet in the hope of reproducing the neurological disease. No evidence of CNS disease appeared in the rats but they nearly all developed primary liver cancer. When the material was given in larger quantities, severe hwmorrhagic liver necrosis was produced. When feeding was curtailed and the animals put back on normal diet, kidney tumours, but no liver cancers, were obtained. At this point it became obvious that the action of cycasin was almost identical with that of dimethylnitrosamine (see reviews: Heath & Magee 1962 , Magee & Schoental 1964 , Magee & Barnes 1966 . This became even more intriguing when it was realized that the chemical structures of the two carcinogens were also very similar (Fig 1) . The nitrosamines are not generally regarded as plant toxins but there is now some very definite evidence that they can constitute a hazard to livestock because of their artifactual formation in foodstuffs. Also chemically, biologically and biochemically the simplest member of the series, dimethylnitrosamine, is very similar to the active moiety of cycasin, macrozamin and other toxic plant glycosides.
Dimethylnitrosamine induces a very severe confluent h.emorrhagic type of centrilobular zonal necrosis in all animal species tested. Rats which survive this severe liver injury and are examined a year or more later have livers which appear almost normal histologically. The liver is much more severely affected than other organs but there is often heavily blood-stained ascites and hemorrhage in the intestinal tract lymph nodes and lungs, sometimes with pleural effusions. The liver lesions are very similar to those induced by some of the pyrrolizidine or Senecio alkaloids. If dimethylnitrosamine is added to the normal diet of rats at a level of 50 ppm for periods of twenty-six to forty weeks, severe chronic changes appear with much cystic proliferation of the bile ducts, fibrosis, hemorrhage, nodular hyperplasia and finally malignant tumours. Histologically the tumours are probably hepatocellular carcinomas with a very marked vascular component and they frequently contain massive hemorrhages. If dimethylnitrosamine is fed at higher dietary levels for shorter periods and the animals are then put back on their normal diets and allowed to live out their span, tumours of the liver do not appear but there is a high incidence of kidney tumours which tend to become clinically apparent rather later, towards the end of the first and during the second year. Thus, feeding for one month at a level of 100 ppm led to 80-90% incidence of renal tumours. Of greater interest, even single doses of 30 mg per kg body weight orally, which is about the median lethal level, were followed by kidney tumours in about 20% of the survivors (Magee & Barnes 1962) . This finding appeared to be of particular significance since dimethylnitrosamine is very rapidly metabolized in the animal body and none of this carcinogenic dose could be recovered twenty-four hours after administration (see Magee & Schoental 1964) . Histologically these renal tumours are of two distinct types. One is well differentiated and closely resembles human renal adenoma or carcinoma, including occasionally the characteristic clear cell type. The other type of tumour appears to be quite distinct and most authors are now agreed that it is a nephroblastoma or Wilms tumour. The latter type can also be induced by single doses injected into the newborn rat on the first day of life (Terracini & Magee 1964) . It is interesting that some animals injected when new-born later develop hepatomas as well as kidney tumours.
Another type of nitroso carcinogen is Nnitrosomethylurea. This compound is a nitrosamide in which one of the methyl groups of dimethylnitrosamine has been replaced by urea, and has the structure shown in Fig 1. The carcinogenic property of this material was discovered by Druckrey et al. (1961) and it has turned out to be amazingly active. After single intravenous injections tumours can be induced in almost every organ of the body (Druckrey et al. 1964) . Single oral doses of this compound (90 mg per kg body weight) induced cancer of the stomach, kidney, small and large gut in the rat (Swann & Magee, unpublished) . The renal tumours are indistinguishable histologically from the nephroblastomas induced by dimethylnitrosamine.
It has been suggested that dimethylnitrosamine requires an enzymic reaction for its decomposition in the body and, for this reason, the distribution of lesions is determined by the amount of the enzyme present in the different organs. Nitrosomethylurea, on the other hand, is less stable chemically and breaks down spontaneously in the tissues. It is possible that both carcinogens yield a common intermediate, monomethylnitrosamine, which is known to be very unstable indeed, and to break down to yield an active methylating agent, possibly diazomethane, possibly the carbonium ion or some other methylating intermediate (see Magee & Schoental 1964) . The exact nature of this final alkylating agent has not been established but it may be significant that diazomethane is carcinogenic (Schoental 1960) . It is also known to methylate nucleic acids on the 7-position of guanine in vitro and the same methylation reaction occurs in the intact animal treated with either of these agents in carcinogenic doses. There appears to be some correlation between the extent of methylation in an organ and its susceptibility to cancer (Swann et al. 1965). As mentioned above, the acute and chronic pathology of poisoning by cycasin is almost identical with that with dimethylnitrosamine (Laqueur et aL 1963) . When cycasin was added to the diet and fed to rats over a period of months, liver tumours developed with very similar histological features to those obtained with dimethylnitrosamine. When fed for shorter periods, followed by return to normal diet, liver tumours were not produced but there was a high incidence of kidney tumours which were of the same two histological types, adenocarcinoma and nephroblastoma. Single doses of cycasin in newborn rats induced nephroblastomas and also occasional hepatomas, again exactly as with dimethylnitrosamine (Magee, unpublished) . There was one interesting difference, however. Cycasin feeding produced tumours of the small and large intestine which have never been observed with dimethylnitrosamine, although they are regularly induced by nitrosomethylurea. It seems, therefore, that the organ range of susceptibility to cycasin lies somewhere between dimethylnitrosamine and nitrosomethylurea, but stomach tumours have not been reported as a result of cycasin treatment.
A reasonable explanation for this can be put forward from considerations of the fate of cycasin in the animal body which have led to the idea that cycasin must be activated in some way in the intestinal tract by the bacterial flora (Laqueur 1964) . These organisms contain glycosidases which split the glycosidic link to yield the aglycone, methylazoxymethanol (MAM) which is thought to be the active agent (Matsumoto & Strong 1963) . It is therefore very interesting indeed that Matsumoto & Higa (1966) have recently shown that MAM is an active alkylating agent and methylates nucleic acids in vitro, predominantly on the 7-position of guanine. Dr R C Shank, working at Carshalton, has recently obtained evidence that the nucleic acids are also methylated in the livers of intact rats treated in vivo with methylazoxymethanol acetate, a synthetic derivative of MAM.
It appears, therefore, that the action of cycasin, or rather MAM, at the cellular level is identical with that of dimethylnitrosamine.
MAM is, of course, a natural product of cycad plants with very wide geographical distribution. Until recently the nitrosamines were not known to occur naturally. Now, however, a nitrosamine has been identified as a natural product. This is p-formylnitrosomethylaniline which occurs in the fungus Clitocybe suaveolens (see Miller 1964) .
The report by Sakshaug et al. (1965) of nitrosamine poisoning of sheep in Norway may be extremely significant. In this case the source of the nitrosamine was traced to the feeding of fish meal which contains a large amount of secondary amines and sodium nitrite, used as a preservative. Under these conditions enough dimethylnitrosamine was produced to kill a number of sheep. This means that the nitrosamine could easily be present in other batches of feed similarly preserved at much lower levels. These levels could be such as to cause little or no acute illness in the sheep but could be high enough to be carcinogenic on prolonged feeding. It appears, therefore, that any situation in which a secondary amine and a nitrite are brought into contact under slightly acid conditions could lead to the formation of the corresponding nitrosamine.
Nitrate fertilizers are a potential source of nitrite since micro-organisms containing the enzyme nitrate reductase are widespread in plants and bacteria. Any secondary amines present in plants, therefore, might well be nitrosated to yield the corresponding nitrosamine. Druckrey and his group have shown that more than a hundred different nitrosamines are carcinogenic and no animal species so far tested, including the monkey, has proved resistant to nitrosamine carcinogenesis. Cancers have been produced in virtually every organ of the body by one or other nitrosamine. There appears to be no example where nitrosamines have actually been isolated from plants but the possibility that small amounts of some carcinogenic nitrosamines might be present in tobacco smoke has been discussed (Druckrey & Preussmann 1962 , Neurath et al. 1964 . These might arise from interaction between the nitrous gases which are present in the smoke and volatile secondary amines of which several have been identified in tobacco leaves.
Clearly much more work is required to determine whether nitrosamines can arise in plants and whether they, or naturally occurring related compounds, play a significant part in human or animal disease. When the possibility exists, however, it would be unwise to ignore it in view of the remarkable carcinogenic power of these agents and the wide range of species and organs which are susceptible to them. The Mechanism ofAction ofAflatoxin in Producing Acute Liver Necrosis Aflatoxin is the name that has been given to the total toxic material derived from certain strains of the fungus Aspergillus flavus. In 1960 there was an outbreak in England of an apparently new disease in turkeys causing an estimated loss of over 100,000 poults. It was called turkey 'X' disease because its etiology was obscure. Postmortem examination showed that the turkeys had an acute hepatic necrosis associated with generalized bile duct proliferation. Minor outbreaks also occurred in ducklings and pheasants. A factor that was to prove significant in the understanding of the disease was that about 80% of the cases occurred in farms within a radius of 100 miles from London, between May and August 1960. Feed trials were held and these established that the problem was a nutritional one. Suddenly there were 6 cases of turkey 'X' disease on a farm in Cheshire and the only common factor between this outbreak and that of the London region was the presence of Brazilian groundnut meal in the food. Investigations in Brazil showed that there had been outbreaks of the disease there in poultry in previous years. There was an outbreak in Kenya in ducklings and chickens and as soon as groundnut meal was removed from the diet the outbreaks disappeared. The disease was not limited to birds, as outbreaks of a disease occurred in this country at this time in pigs and calves which at first was thought to be due to poisoning by ragwort, but subsequently was shown to have been due to the presence of Brazilian groundnuts in the animals' foodstuffs. Feeding experiments established that young ducklings were the most sensitive species and these are now used for screening tests.
Carnaghan and his co-workers (Sargeant et al. 1961) reported the purification of a crystalline fluorescent material by chromatography on alumina. Although this was not yet pure, 20 pg given orally to day-old ducklings proved fatal within twenty-four hours. Sargeant et al. thought it possible that the toxic substance was a fungal metabolite since highly toxic samples of nuts from Uganda were heavily contaminated with fungi. Pure cultures of the fungus were grown and identified as a strain of Aspergillus flavus. Toxic material was obtained from preparations of heat-sterilized nontoxic nuts on which the fungus had been grown for some days. De Iongh and his co-workers (Van Dorp et al. 1963) in Holland separated the aflatoxins by thin layer chromatography into two substances which they designated B and G. Hartley et al. (1963) finally achieved the isolation of four substances, B1, B2, G1 and G2, from the crude aflatoxin.
By the use of infra-red ray spectroscopy, spectrophotometric analysis, and nuclear magnetic resonance studies, these workers and Asao et al. (1963) obtained the structural formulk of the aflatoxins. B1 proved to be the most toxic member of the group, having ten times the toxicity of B2 in day-old ducklings.
The public health aspect of this problem was examined by Allcroft & Carnaghan (1963) . Their results indicated that human beings remained safe throughout the time that toxic groundnuts were given to farm animals and there was no evidence to indicate that man was susceptible to the toxin. Nevertheless, groundnuts are used as a valuable source of protein to feed the undernourished people of various countries. Many workers have considered that aflatoxin might possibly account for primary carcinoma of the liver in these countries. It is also of some importance that the mould grows on rice and other cereals.
The rat seems to be the only species to develop primary liver cancer as a result of aflatoxin in the diet. Butler & Barnes (1963) suggested that a total dose of 2-5 mg aflatoxin (a mixture of B1 and G1) fed over eighty-nine days would result in hepatic carcinoma up to one year later. Butler (1964) found that he could produce an acute lesion in rats by administering ka single dose of
